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ABSTRACT 



A five microsecond, 15 joule, pulsed C0 2 Laser was used to irradiate polished 2024 
aluminum targets. The target voltage response (TVR) was measured with respect to the 
incident laser radiation and showed a pulse width on the order of 30 nanoseconds. The 
voltage was measured at values from 22 to 140 volts with resistances varying from one 
ohm to two mega-ohms. The TVR was correlated to the emission and blow-off of 
electrons from the target surface and the possible ignition of a Laser Supported 
Detonation wave. The TVR, laser pulse, and flash associated with target surface 
breakdown were time correlated and shown to happen within the first 170 nanoseconds 
of the five microsecond laser pulse. Currents up to 500 amps were observed when the 
resistance to ground was reduced to less than 1 ohm. Also, the magnitude of the TVR 
was shown to be a function of background gas pressure. 
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I. INTRODUCTION 



When a laser pulse interacts with a target, several phenomena occur which result in 
damage to the target surface. These include a variety of thermal, impulse and electrical 
effects. It has been established by research conducted at the Naval Postgraduate School 
that when laser-target coupling creates a plasma, the electrical effect 
(L'nipolar-Arcing)l is the primary damage mechanism [ref. 1). The theory of the 
Unipolar-Arc was first discussed by Robson and Thonemann in 1958 [ref. 2]. Their re- 
search, in part, focused on plasma surface interactions and the arc sustained therein. 
Subsequently, Schwirzke has refined the Unipolar-Arc model by elaborating on the 
set-up of electric fields in the plasma which drive the arc [Ref. 1]. 

Further investigations of this model have suggested that large currents may be in- 
duced within a target subsequent to plasma growth. 2 Specifically, an experiment con- 
ducted in Garching, Germany in 1983 showed that laser irradiances of 3.33 x 10 u watts 
incident on spherical metal targets caused enormous plasma growth and damage. In 
fact, a plasma literally exploded from the copper stalk on which the targets were 
mounted [ref. 3]. Accepted theory indicates that in order to create a plasma, an initial 
electron density of sufficient temperature must be present in order to create ions from 
surrounding neutrals, via collisions. However, where these initial electrons come from is 
little understood. In fact, understanding of the first events in the laser-target interaction 
is significantly lacking. Nevertheless, it was postulated that if the target were the source 
of the initial electron density, then to sustain any emission of electrons from the target 
surface, a current would have to exist. Therefore, it was proposed that a measurement 
of a target voltage response (TVR), would allow for the deduction of target currents, 
given that the resistance to ground was known. 

The initial objective of this thesis, therefore, was to set up an experiment that would 
measure a TVR from which target currents could be deduced. In so doing, this would 
confirm and quantify the existence of target currents and show that the target was in- 
deed the source of the initial electron density. 

1 It should be noted that Unipolar-Arcing damage occurs in both conducting and non- 
conducting materials. 

2 An application of a large current surge would be possible damage to internal electrical 
components. 
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Preliminary results showed that a TYR. of positive polarity, did occur and that its 
duration was on the order of 30 nanoseconds. Time correlation of the TYR with the laser 
pulse width showed that the event occurred very early in the laser-target interaction. The 
characteristics of these results indicated that what was being observed was related to the 
phenomenon of the Laser Supported Detonation (LSD) wave. 3 This is because the 
emission of electrons from the target surface, which the TYR indicated, could be inter- 
preted to be the ignition mechanism for an LSD wave. Interestingly enough, ignition 
mechanisms for LSD waves are poorly understood. Since 1971, at least ten have been 
proposed, and of these, electron emission is considered the most probable [ref. 4]. Sim- 
ilarly, it was determined that the laser pulse intensity was high enough to produce LSD 
waves based on thresholds established by Walters in the early 1970's [ref. 5], Therefore, 
not only did the experiment suggest that the target was the source of the initial electron 
density, it also appeared that the ignition mechanism for LSD waves was electron emis- 
sion. Hence, a second objective materialized from the first, which was to explain how 
electrons could escape from the target surface with enough energy to start ionization 
processes and plasma growth. In short, a model was produced explaining how the 
electron blow-off phenomenon occurred. Finally, the data indicated that the TYR was 
a function of background gas pressure. 



3 An LSD wave is a type of Laser Supported Absorption wave. See Background and Theory 
for details. 



II. BACKGROUND AND THEORY 



When an intense laser pulse strikes a target, a variety of thermal, mechanical, and 
electrical events occur which cause the formation of a plasma and subsequent damage 
due to Unipolar-Arcing. The thermal effect is the vaporization process created by in- 
duced high temperatures. Mechanical effects include sputtering, impulse and shock 
phenomena. The electrical effect has been determined to be primarily Unipolar-Arcing 
[ref. 1], In association with these, it has been shown that for laser intensities on the or- 
der of 10' ~ 10 s watts per square centimeter, a Laser Supported Detonation wave will 
occur. To complicate matters, none of these phenomena are unrelated. However, for 
clarity, the topics presented here will be dealt with as separate entities. Any significant 
overlap will be mentioned as required. The mechanical effects will not be dealt with in 
any detail. However. LSD waves could be considered mechanical due to their shock 
nature [ref. 6]. Suffice it to say, the overall result is the creation of a plasma which grows 
to a critical density, eventually shielding the target surface from the remainder of the 
laser pulse. 

A. PLASMA GROWTH 

Generally speaking, the first target response with respect to incident laser radiation, 
is surface contaminant desorption. This event occurs within the first few nano-seconds 
of the laser-target interaction and results in the immediate buildup of a neutral density 
close to the target surface. This buildup is essential for the plasma creation process. 

For a metal target, assuming perfect reflection, a standing wave will occur at the 
target boundary due to the superposition of the incident and reflected electromagnetic 
waves. Therefore, the time average spatial intensity is given by; 

£ 2 -4£„ 2 sm 2 (^). (i) 

'/ V 

Maxima will occur at distances equal to -j- , — — etc. , Assuming an initial electron den- 

) 

sity, the neutrals created by desorption will first become ionized at a distance, D = — 
from the target surface, creating a plasma. This is because the electrons will be heated 
most at the maxima of the standing wave, causing rapid ionization of neutrals in the 
region. Of course, this will occur at other standing wave maxima, but on a lesser scale 
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due to the fall on of the neutral density farther from the target surface and a reduction 
of the reflected wave due to absorption. See Figure 1. 




Figure 1. Wave Superposition and Plasma Growth 



As this process continues, the plasma grows, eventually reaching a critical density. 
This occurs when the frequency of the laser (co) equals the frequency of the plasma 
{co P ). The plasma frequency is (ref. 7]; 



Cl) 



p 




(?) 



where. 



c o p = Plasma Frequency 
n = Plasma Density 
m c = Electron Mass. 
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Hence, cutofT will occur at a critical density n c when a; = oj p , 



C 2 • v ' 

e 

This critical density is calculated to be 9.99 x 10 18 c/rr 3 for a C0 2 laser [ref. SJ. Notice that 
this theory is based on the assumption, that an initial electron density exists. But, how 
these electrons come about was not addressed. If it could be shown that the initial 
electrons came from the target, as could possibly occur in the ignition process for a La- 
ser Supported Absorption (LSA) Wave, then this question would be answered. 

B. LASER SUPPORTED ABSORPTION WAVES 

In the early 1970's, experiments conducted at atmospheric pressure, showed that 
high intensity laser pulses incident on metal targets created plasmas [ref. 9]. The mech- 
anisms by which these plasmas were formed were termed Laser Supported Absorption 
waves. These waves were characterized by an ignition, transition, and propagation 
process whereby a plasma was created and target shielding occurred. In a vacuum, 
desorption causes an expanding neutral gas layer from which LSA waves are able to in- 
itiate. Therefore, LSA wave theory is applicable to this experiment. LSA waves are 
generally grouped under three headings; 

• Laser Supported Detonation (LSD) Waves 

• Laser Supported Combustion (LSC) Waves 

• Laser Supported Blast (LSB) Waves. 

The characteristics of these waves were described by Hall et. all [ref. 9] in a report pub- 
lished in 1973 concerning LSA wave phenomena. The following is a summary of each 
wave. Refer to Figure 2 on page 6. 
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1. LSD Wave 

This wave was ignited, at atmospheric pressure, by high intensity laser radiation 
(approximately 10' ~ 10' watts per square centimeter) and was characterized by what 
looked like a supersonic spark that traveled up the incident laser pulse. [ref. 4] 

2. LSC Wave 

The Laser Supported Combustion wave appeared as a luminous column which 
propagated at less than the speed of sound up the incident laser pulse while remaining 
in contact with the target surface. LSC wave propagation occured when incident laser 
pulse intensity was on the order of 10 ? ~ 10 6 watts per square centimeter, [ref. 4] 

3. LSB Wave 

Blast waves were shock fronts consisting of plasma jets that propagated outward 
normal to the target surface regardless of the angle of incidence of the laser pulse. Note 
that the LSB wave can be experimentally distinguished from the LSD or LSC wave by 
allowing the laser pulse to be incident upon the target at an angle other than normal. 
This affords discrimination between the waves because the LSC and LSD waves propa- 
gate up the incident pulse while the LSB wave propagates normal to the target surface 
as discussed [ref. 9]. See Figure 3. 
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